The intake air control system of a gasoline engine is a typical nonlinear system, and included among the adverse factors that always induce poor idle-speed control stability are dead time and disturbances in the intake air control process. In this paper, to improve the responsiveness when idling with regard to disturbances, a mean-value engine model (MVEM) with dead time was constructed as the control object, and the two servo structures of sliding mode control (SMC) were studied for better idle control performance, especially in transient process of speed change. The simulation results confirmed that under the constraint condition of control input, the robustness of idle speed control that is being subjected to torque disturbances and noise disturbances can be greatly improved by use of the servo structure II.
Introduction
Idle speed is the minimum operating speed of a combustion engine. Most of the driving time of urban traffic consists of periods when the engine is idling. Furthermore, if the idle speed can be reduced to 100 rpm (revolutions per minute) by improving the control method, fuel consumption will be reduced by 2 to 5%. Therefore, significant fuel economy and emissions improvements can be achieved by lowering the idle speed of an engine. In order to achieve a relatively lower idle speed while at the same time preventing the engine from stalling, it is necessary to maintain a stable idle speed in the presence of disturbances, both known disturbances (e.g. stationary steering and evaporation-gas purges) and unknown.
The automotive engine is a typical nonlinear, timedelay, time-varying parameter system. Recently there are many studies that apply control theories such as LQG, PID, adaptive control to idle-speed control [1, 2] . In particular, because variable structure control is suitable for systems that are linear or nonlinear, continual or discrete, certain or uncertain, the application of sliding mode control is regarded as a solution to the problem of improving idle-speed control. Nevertheless, there are some studies is applying this theory [3] [4] [5] . However, idle-speed control should be investigated practically; in other words, the issues that typically constrain the application of SMC are how to improve the transient process of an idle control system and how to alleviate chattering, especially quasisliding mode is used against chattering recently [6, 7] . Consequently, in this paper, idle speed control was studied based on a non-linear gasoline engine model, and an servo system of SMC was modified. As PID (proportional-integral-derivative) controllers are usually used for idle speed control in practical application, a PID control and sliding mode control (SMC) were employed to improve idle-speed control. Several disturbances such as torque and fuel disturbances were added into the engine model to test the responsiveness and stability of three control methods. Sudden start operation was also studied during fuel disturbances. Moreover, an integral type of control input instead of quasi-sliding mode is employed for chattering alleviation. The system was simulated by MATLAB/Simulink. According to the results of simulations, the robustness of idle-speed control was improved by using SMC.
Sliding Mode Control Design
SMC is a type of variable structure control in which the dynamics of a nonlinear system are altered by the application of a high-frequency switching control [8] . In other words, SMC uses practically infinite gain to force the trajectories of a dynamic system to slide along a restricted sliding mode subspace. This is an important, robust control approach that provides an adaptive approach to dealing with parametric, uncertain parametric, and uncertain disturbance systems. If a switching surface is appropriately designed with desirable characteristics, the system will exhibit desirable behavior when confined to this switching surface. In order to achieve the target value, idle-speed control can be studied as a servo system. Here, two servo systems using SMC were designed as follows.
Servo System I Using SMC

Consider the system
x Ax Bu
Where x is the state vector, y is the output, and u is the scalar. To achieve a servo system, a new state z is inserted and a new input r as a target input is also necessary. Accordingly, Equation (1) is extended as in Equation (2). 
The switching surface is defined as
When the system is in sliding mode state, a dynamic characteristic is exhibited. Firstly, taking into consideration non-linear factors and uncertain disturbances, the equivalent control for the SMC is usually employed. 
As is well known, when the system is on the switching surface, it maintains 0 
K is the switching gain, and. sgn( )  is the signal function that can makes the system robust, but in the same way it leads to chattering, which is undesirable. Next, the parametric vector S in the switching surface equation is required for deciding the existence of sliding mode. There are a few methods for the S design. Pole deployment (see Equation (7)) and the Riccati equation (see Equation (8)) are usually employed.
  is assumed for the stability margin coefficient  .
T S B P 
Finally, according to Lyapunov's second theorem on stability, the reachability of sliding mode is assumed to be proved.
where 0   But in the theory of SMC, the two main issues are the improvement of robustness with regard to uncertain disturbances and the alleviation of chattering, and these issues restrict the scope of application of SMC to an extent.
Servo System II Using Modified SMC
In this section, to solve the two aforementioned problems, the design method of SMC was modified. The structure is shown in Figure 2 . The reader will remember the expansion servo system described in Equation (2) . Here another state variable was used, and the derivative z  of the target value and the model output was inserted, which was expected to improve the robustness of whichever engine control system is being used in the operating mode of holding a lower idle speed or of a sudden start. Equation (2) can be rewritten as follows:
The S in the hyper-plane was designed by using the Riccati equation if and only if it has a solution. The equivalent control input was solved by using Equation (8) . The alleviation of chattering was expected, but while the smoothing function seems to alleviate or remove chattering, it will in all probability weaken the robustness of the system. As a result, the original signum function was kept, and the authors hoped that gain K would gradually get smaller so that chattering would be alleviated with a lessening of switch gain K. For this purpose, gain K was attained with the integration of the switching function  [9] . Thus, gain K was higher when the system was in reaching mode, and fell when the system was in sliding mode. This not only alleviated chattering, but also maintained the robustness of the system.   , it was assumed that the larger switching gain at reaching mode will be alleviated. Substituting (11), (12) into (9) gives
The existence of the sliding mode and reachability is proved based on Lyapunov's second theorem on stability. The modified servo control system of SMC was verified by its application to idle speed control. The effect of chattering alleviation is shown in Figure 3 . The cSMC denotes conventional SMC and the pSMC denotes modified SMC.
Application to Idling Speed Control System
The control system of a spark-ignition engine (SI engine), which was chosen as the target of this study on idle-speed control is shown in Figure 1 . The intake air flow is adjusted to reach a certain engine speed by adjusting the angle and position of the electronic throttle. The crank angle sensor detects the engine speed; and the angle and position of the electronic throttle depend on the controller in the engine control unit. Then the throttle adjusts the amount of air supply to the cylinder. After that fuel proportionate to the air flow is injected into the cylinder. Thus, the torque produced by the combustion of the fuel maintains a constant engine speed. The idle-speed control system for the regulation of intake air flow is shown in Figure 4 . The basic input is the equivalent electronic throttle opening angle θ, which is restricted within a finite opening scale and the controlled output is engine speed Ne [rpm] . Because of the inversely-proportional relationship between the dead time L and the engine speed Ne [rpm], the dead time is derived from the feedback of the output of the system. In view of the disturbances in an actual engine, three disturbances are loaded into the engine model. Two disturbances, D1 and D2, are added as transitional disturbances before and after the dead time, taking evaporative purge and stationary steering into consideration. The measured engine speed D3 is also added as a steady disturbance to simulate the combustion fluctuation of an actual engine. 
1 D is the air leak and fuel purge disturbance.
b) In the manifold and cylinder, the input is in Q and the output is from manifold to cylinder intake air flow Z is the comparison coefficient of unit conversion, and the dead time is obtained by 1st order Padé approximant [10] . The state variable e D is:
2 60
The dead time L is a function of engine speed, which gives: 3 
Obtaining torque requires intake, compression and combustion; hence the dead time is 3 strokes long. Equation (21) is obtained from Equations (16) and (19). 
Equation (21) is substituted into Equation (22), therefore:
The block diagram shown in Figure 2 is arrived at based on the above equations. In addition, the equivalent state space is:
x Ax Bu Fd y Cx 
Simulation
In order to confirm the robustness of the idle-speed control when disturbances are present, the system was simulated using MATLAB/Simulink. The parameters of the engine model in Figure 2 are set according to Table 1 . Firstly, the initial idle speed of the engine was 700 rpm, but, taking into consideration the existence of disturbances such as fuel purges and the use of power windows, a unit step input was added at 4 seconds for disturbance (D1) that results from an evaporation-gas purge in the fuel module and another unit step input was added at 12 seconds for disturbance (D2) that results from stationary steering or other types of torque variations in the crankshaft module. The simulation results are shown in Figure  5 .
Here cSMC represents a conventional SMC controller, and pSMC represents the modified SMC controller. When using a PI controller, the system takes 4 seconds and 2.2 seconds, respectively, to deal with two disturbances. When using a cSMC, it takes 2.3 seconds and 2.2 seconds. When using the pSMC, it takes 0.2 seconds and 0.3 seconds. Also, it appears that pSMC suppressed the two disturbances greatly, as the engine speed merely deviates to 706 rpm and 645 rpm. On the other hand, PI and cSMC have a long response time and provide a weak compensation effect. Secondly, considering the stability of the feedback loop in conditions of noise (D3), engine speed fluctuations measured from an actual engine as background noise were used, and were added to the engine speed output of the engine model; meanwhile two step disturbances also were applied as in the simulation above. The three control methods were simulated under the abovementioned conditions. The simulation result is shown in Figure 6 . The adjustment time when using PI was longer, the deviation was bigger than in the case where the other two methods were used, although the noise disturbance is loaded in the feedback loop. When pSMC was used the system still maintained its robustness.
Third, the responsiveness and tracing ability were con- sidered when the engine makes a sudden start from a lower idle speed to a higher speed such as 2000 rpm. As far as it's known, there is usually little fuel loss during the conditions of a sudden start, due to some fuel drops adhering to the manifold, a phenomenon which sometimes leads to an undesirable loss in speed. Therefore, a sudden start occurring at 10 seconds was assumed. The simulation results are shown in Figure 7 . When using PI an overshoot occurred, when using cSMC was no overshoot but the adjustment time was not short. It appears that, the transition of the sudden start when using pSMC is faster than when using PI or cSMC, the time taken by pSMC for adjustment being approximately 0.3 seconds. So a steady and fast engine start can be achieved by using pSMC.
On the other hand, all real world control systems must deal with constraints. The constraints acting on a process can originate from amplitude limits on control signal, slew rate limits of the actuators and limits on output signals. As a result of constraints, the actual plant input will be different from the output of the controller. When this happens, the controller output does not drive the plant asexpected. Input constraints always appear in the in the form of rate constraints: valves and other actuators with limited slew rates. These constraints, especially of the saturation type, are also often active when a process is running at its most profitable condition. They may limit production rate.
In this case, Although the chattering are supposed to be alleviated by the way in Section 2, we also need to set the relative appropriate switching gain to make sure of control input θ operation within normal range. Under the target input of a step response which was set from 700 rpm to 2000 rpm, the system was simulated. Figure 8 shows the results by using modified SMC. When 50 K  and 50
   ,There is no sign that the sum control input of eq u and nl u exceeded the normal opening angle(here the ratio of opening angle to full opening angle is regard as control input ), and the chattering was also alleviated greatly along with the gain getting smaller. Based on the aforementioned simulation results, it can be seen that a control system with a modified sliding mode controller is more effective with respect to either of the two disturbances, as well as regarding noises generated by the actual engine, so proving the robustness of pSMC. And the tracing ability of idle speed also appears to be improved in the work condition under the sudden start. In addition, for industrial application, chattering is assumed to be alleviated by the use of a class switching function with an integral item.
5．Conclusions
In this paper, two servo systems of SMC were studied, and were applied to idle speed control in order to improve the stability of idling engine speed and raise fuel economy. A mean value engine model that includes dead time was employed as the control object. The throttle opening and the engine speed were regarded as the input and output of idle system respectively. The electronic throttle angle and engine speed was taken as the input and the output of system. Using the nominal state-space model, three controllers of PI controller, conventional SMC and modified SMC were constructed. Taking into consideration actual engines, three disturbances D1, D2 and D3 were added in the author's simulation, where, D1 and D2 were transition disturbances caused by sudden operations, and D3 was a measured value of engine speed fluctuation. The simulation results show excellent responsiveness and stability when modified SMC was used because it can shorten the transient process. Furthermore, under the permission range of constraint condition of control input, chattering which is regarded as an obstacle to the application of SMC, was alleviated by servo structure II.
